The linear instabilities and nonlinear transport driven by collisionless trapped electron modes (CTEM) are systematically investigated using three-dimensional gyrokinetic δf particle-in-cell simulations. Scalings with local plasma parameters are presented. Simulation results are compared with previous simulations and theoretical predictions. The magnetic shear is found to be linearly stabilizing, but nonlinearly the transport level increases with increasing magnetic shear. This is explained by the changes in radial eddy correlation lengths caused by toroidal coupling. The effect of zonal flows in suppressing the nonlinear CTEM transport is demonstrated to depend on electron temperature gradient and electron to ion temperature ratio. The suppression effect is consistent with the rate of shearing on turbulent eddies due to zonal flows and the radial sprectra broadening. Strong geodesic acoustic modes (GAM) are generated along with zonal flows.
Introduction
Microinstability-driven turbulence is known to play a primary role in the physics of transport of energy and particles in magnetically confined plasmas. Drift instabilities like ion temperature-gradient (ITG) modes [1] , electron temperature-gradient (ETG) modes [2] and trapped electron modes (TEM) [3] can be excited in different domains of parameter space. It is true that one needs to include all these coexisting instabilities to fully understand microturbulence in tokamak plasmas. However, for better identifying the physics mechanisms, it is also valuable to focus on one dominant instability in the context of a simple model. In this paper, we will focus on the linear instability and nonlinear transport contribution of TEM using massively-parallel three-dimensional (3D) toroidal electrostatic gyrokinetic particle simulation.
TEM instabilities can be separated into two classes: dissipative (DTEM) and collisionless (CTEM) [4, 5] . DTEM requires a strong temperature gradient and large collisionality (much higher than the drift frequency), while CTEM is driven by the electron curvature drift resonance without the need of collisionality. Although DTEM may be important in the edge, CTEM is clearly more relevant in the core due to low collisionality. Though the effect of collisionality is explored in this paper, the focus will be on CTEM. Theoretical calculations of both DTEM and CTEM have been extensively investigated previously [3, 4, 5, 6, 7, 8, 9, 10, 11, 12] , and the analysis has relied heavily on quasilinear theory. Earlier simulation studies included a model where passing electrons are treated adiabatically [13] , and used a bounce averaged description [14] . More recently, with the development of gyrokinetic simulation, nonlinear results including both the kinetic ions and kinetic electrons are now available and simulations can include both trapped and passing electrons [15, 16, 17] . Several numerical studies on CTEM-driven turbulence have been reported recently [18, 19, 20, 21, 22] . In this paper, we provide a fairly systematic study of the dependence of the electron thermal and particle diffusivities on important local tokamak plasma parameters, including density gradient R/Ln, electron temperature gradient R/LT e, magnetic shearŝ, electron to ion temperature ratio Te/Ti and the inverse aspect ratio r/R. A comparable study of transport parameter dependence was reported by Dannert [19] using a continuum approach. Here, results from a δf particle-in-cell simulation are compared and contrasted to previous works [18, 19, 20] . It is found that the nonlinear transport dependence on density gradient and inverse aspect ratio is similar to Dannert's observation [19] , but the magnetic shear shows opposite effect. With the increase of magnetic shear, the transport fluxes are enhanced rather than reduced, which qualitatively agrees with Kinsey's report [20] .
Of particular interest is the effect of zonal flows on nonlinear energy and particle transport as well as nonlinear saturation level. The zonal flow is self-consistently generated by drift wave turbulence through nonlinear E × B coupling and is known to be important in regulating transport in ion-temperature-gradient driven turbulence [23, 24, 25, 26] , and may also be important in electron-temperature-gradient driven turbulence as well [27] . However, for TEM-driven turbulence, there is not yet a definitive theory or community consensus with regard to the role that zonal flow plays, if any. The numerical simulations so far do not agree on whether zonal flows are important or not [18, 19] , but these simulations are for different parameter regimes. Simulation results presented here show that the zonal flow shear suppression can be important, depending on both electron temperature gradient R/LT e as well as the temperature ratio Te/Ti. This paper is organized as follows: In Section 2, we introduce the simulation model (the GEM code) that we employ to investigate TEM turbulence and transport. In Section 3, the linear properties of the TEM instability are studied and compared with existing linear theories. We will also discuss linear results as one approaches edge plasma parameters. In Section 4, nonlinear results are presented showing the parameter dependence of TEM-driven turbulent transport. Additionally, the effects of zonal flows on CTEM turbulence transport are discussed.
Simulation Model
The GEM code currently includes either a global or a flux-tube domain, kinetic electrons, electromagnetic fluctuations, electron-ion collisionality, general axisymmetric equilibria, an equilibrium radial E-field, and minority species impurities [28] . The simulations presented here are performed using the gyrokinetic flux-tube version of the GEM code [29] . The model presented here includes fully drift-kinetic electrons and solves the gyrokinetic-Maxwell system of equations that describe turbulence and anomalous transport for plasmas in toroidal geometry. A circular, unshifted zero beta magnetic equilibrium is used.
The gyrokinetic equation solved is
where α = i, e, the canonical momentum
A is used as a coordinate [30] and vGα is the guide center velocity. C(fα) is the collision operator. For collisionless TEM case, the term C(fα) is set to zero. When collisions are considered, electron-ion collisions are modeled using a Lorentzian operator which is applied only to the electrons [29] .
The distribution function includes an equilibrium and a perturbed part. The equilibrium distribution function is expressed using the canonical momentum p α ,
For the ions, δfi is advanced using the conventional δf method [31] , while electrons use the split-weight scheme [15, 32] . A fraction of the electron perturbed distribution is treated as adiabatic [15] and the rest is treated as a fully kinetic perturbation,
where −ǫeφ ∂f 0e ∂εe is the adiabatic part of the perturbed electron distribution in the split-weight scheme [15] . The parameter ǫe is included for adjusting the contribution of the adiabatic response of perturbed electrons. ǫe is typically small (∼ 0.1), but this small adiabatic piece allows for a much larger time step [15] .
GEM uses field-line-following coordinates (x, y, z), which are related to the usual toroidal coordinates by: x = r − r0, y = r 0 q 0 (qθ − ζ) and z = q0R0θ, where r0, R0 and q0 = q(r = r0) are the minor radius, major radius and the safety factor. All the lengths are normalized with ion Lamor radius ρi. The magnetic equilibrium is taken as circular unshifted concentric flux surfaces. The magnetic field is determined using the usual toroidal coordinates B(r, θ) = 1 − r R 0 cos θ and magnetic shear isŝ = r0
. The numerical simulation domain is (0, lx) × (0, ly) × (0, lz), where lz is defined to be the connection length, lz = 2πq0R0. In x and y directions, periodic boundary conditions are applied, while in z direction, poloidal boundary conditions are applied [33] .
The four-point averaging method is used for gyro-averaging [34] for efficiency, but it is only accurate for long wavelengths up to k ⊥ ρi < 1. For k ⊥ ρi > 1 modes, more points (like eight) may be necessary to do the averaging, but this is computationally expensive. Therefore, we use an easier method and slightly modify the four-point averaging, making it suitable for the k ⊥ ρi ∼ 2. The original expression for the gyroaveraging is a zeroth order Bessel function and its value is 0 for k ⊥ ρi ≃ 2.4. In the four-point averaging procedure, the expression [34] 
is approximated by
When k ⊥ ρi < 1 this approximation is very good. As k ⊥ ρi increases above one, the difference between the right hand sides (rhs) of Eq. (5) and Eq. (4) can become significant. One issue is that the rhs of Eq. (5) does not go to zero for k ⊥ ρi ≃ 2.4 at the zero of Eq. (4). To get right results for k ⊥ ρi ∼ 2 regime, we simply add a filter to the gyroaveraged ion response correcting for the difference between the rhs of Eq. (4) and Eq. (5) which is the expression of the four-point average in Fourier space.
Thereby, better modeling of the ion gyroaverage or smoothing effect of J0 is achieved for k ⊥ ρi ∼ 2.
The local physical plasma parameters we use are inspired by Ref. [19] . These parameters have no ion temperature gradient eliminating the ITG instability and have cold ions with Te/Ti = 3 which avoids ETG drive. Our base parameters are as follows: normalized electron temperature gradient R/LT e = 6, normalized ion temperature gradient R/LT i = 0, normalized density gradient R/Ln = 10, safety factor q0 = 1.4, magnetic shearŝ = 0.8, electron to ion temperature ratio Te/Ti = 3, plasma to magnetic pressure β ≡ 2(Te + Ti)µ0n0/B 2 0 = 0.0001, only protons and electrons are considered mp/me = 1837, r/R = 0.16. The numerical parameters are as follows: The split-weight parameter [29] is ǫg = 0.1, time step ωci△t = 2, ωci is ion gyro-frequency. Nonlinear simulations are done with box size lx = 128ρi, ly = 64ρi. The base parameter threedimensional grid-number is Nx × Ny × Nz = 128 × 64 × 32 and 64 particles per cell per species. In various parameter scans presented below these base parameters will be assumed unless noted otherwise.
Linear Simulation Results

TEM instabilities in core plasmas
The CTEM instability is caused by electrons trapped in the low magnetic field region (outboard side) and the presence of bad magnetic curvature along with an electron pressure gradient. There is an enormous parameter space even when considering only local tokamak plasma parameters. In this section, we present the results of linear scans in R/LT e , R/Ln,ŝ, Te/Ti, r/R and collisionality νei. The linear growth rate is normalized to vti/Ln, where vti is ion thermal velocity and Ln is taken at the fixed value of R/Ln = 10.
We begin by examining the linear growth rate spectrum. Fig. 1 illustrates the linear growth rate dependence on electron temperature gradient at density gradient R/Ln = 10 and R/Ln = 3 as a function of wavenumber. For parameters of R/Ln = 10 and R/LT e = 6 (solid square points), the normalized growth rate peaks over a wider range 0.25 ≤ kyρi ≤ 1.6, relative to the low density gradient R/Ln = 3 (solid triangle) case, where the maximum growth rate shifts to higher kyρi. We also note that there is a large increase in γ between R/LT e = 0 (open squares) and R/LT e = 6 for kyρi > 0.8, yet a decrease at kyρi < 0.4. At a density gradient of R/Ln = 3 and electron temperature gradient R/LT e = 6 there is strong stabilization of short wavelength modes (kyρi ≥ 0.8) which are driven unstable at R/LT e = 0 (open triangle). A similar stabilizing effect was also found by Ernst [18] . This kind of electron temperature gradient effect qualitatively agrees with the theoretical predictions found in Ref. [6] . That is, when the density gradient is higher than a certain value, an increasing electron temperature gradient will lead to stronger linear CTEM growth rate, otherwise, increasing R/LT e is stabilizing for the CTEM instability. Fig. 2 shows the linear growth rate versus density gradient for wavenumber kyρi = 0.4 at electron temperature gradient R/LT e = 6. As expected, the growth rate keeps increasing with the increasing of density gradient.
Changes in magnetic shear can obviously affect the CTEM instability. Increasing positive magnetic shear can drive the trapped electron modes more unstable by increasing "bad" magnetic curvature, or it can be stabilizing through localization of the mode to the rational surface like in the sheared slab drift-wave or ITG case. We observe linear stabilization due to increasing magnetic shear on the short wavelength modes. Fig. 3 shows the spectrum of linear growth rate vs kyρi for density gradient R/Ln = 3 andŝ values of 0.2, 0.8 and 1.2. It is observed that the growth rate is dramatically suppressed at higher magnetic shear and the decreasing growth rate peaks towards longer wavelength asŝ increases. For a density gradient of R/Ln = 10, the stabilization due to magnetic shear is relatively weak.
The presence of collisions complicates the TEM picture. When the collision rate νei is much larger than the drift frequency ω de , collisionality can lead to dissipative trapped electron modes. But if the collision rate is low enough so that one is still in the CTEM regime, collisionality is actually stabilizing since the trapped electrons (driving source for TEMs) can be detrapped. The collisionality for detrapping can be estimated by a simple criterion that the effective collision rate should be larger than the bounce rate of strongly trapped electrons,
where v ⊥ is taken to be v ⊥ = √ 2vte and vte is the electron thermal velocity. In our simulation, the calculated detrapping frequency is νei ∼ 1.08 × 10 −3 ωci. Fig. 4 shows the results of the linear collision rate scan at R/Ln = 3 and where it is observed that the linear growth rates decrease with the collisionality. Our simulation time step satisfies the condition: νei∆t ≤ 2 × 10 −4 . At the stronger density gradient of R/Ln = 10, collisional stabilization is weak.
The variation of linear growth rates with electron to ion temperature ratio Te/Ti is shown in Fig. 5 for kyρi = 0.4 and R/Ln = 10. As Te/Ti is varied from 1/3 to 2, the linear growth rate shows a strong increase, which agrees with theoretical predictions [35] . However, from Te/Ti = 2 to Te/Ti = 3, the change in γ is weak.
In the large aspect ratio tokamak limit, the effect of inverse aspect ratio r/R on TEM-driven growth rate has been well established. According to Ref. 6 , the growth rate is given by
where ω * = kyTe/eBLn, G is a function ofŝ and azimuthal angle θ0 of the turning point of a "typical" trapped electron. Since the B-field has a weak dependence on r/R for a large aspect ratio tokamak and G depends very weakly on θ0 in the presence of magnetic shear [6] , the TEM-driven growth rate should be proportional to ky r/R, assuming one keeps all other parameters fixed and only scans the inverse aspect ratio. 
0.52 , which confirms that these modes are indeed CTEMs. For the steep density gradient R/Ln = 10 case, simulation results do not agree well with this scaling, although the growth rate does increase with r/R. This may be explained by the fact that drift waves become important at higher density gradients. This will be discussed in the following sub-section.
Transition from CTEM to Drift Waves with Increasing Density Gradient
Our linear studies so far have focused on core tokamak plasma parameters. In the edge pedestal region steep gradients should in principle drive the TEM more unstable, neglecting the obvious effect of strong shear flow. We have explored steep gradient edge-like parameters following the fluid simulations of L-H transition of Rogers [36] . We increase the density gradient and safety factor to explore what happens linearly. The results here are electrostatic using parameters based on reference [36] : R/Ln = 100, Te/Ti = 1, q = 3.0,ŝ = 1, r0 = 200ρi, R = 1000ρi and with the simplest case of R/LT i = 0, R/LT e = 0 (to avoid ITG modes and ETG modes) and mi/mp = 1.
TEM and drift waves are both expected to be important in edge plasma turbulence. In the core, where the density gradient is weak, the driftwaves are weakly unstable, and the CTEM clearly dominates, see Fig. 7 , which shows the growth rates vs. kyρi for two different density gradients from flux-tube simulations. Both growth rate scans are normalized to the core value of Ln. The weak gradient "core" case is not surprising. However, when one increases the density gradient, one observes that the high-ky drift waves dominate, see Fig. 7 . Both instabilities require kinetic treatment for the electrons. The ion response is also important because these modes are on a perpendicular spatial scale of ρi. In the low density gradient "core" case (R/Ln = 10) the growth rate peaks at about kyρi = 0.5, which is identified as a TEM mode. In the high gradient "edge" case (R/Ln = 100) no clear peak is seen in the kyρi < 1 region, where TEM modes are expected to peak. On the other hand, the modes at kyρi ≥ 1 can be identified as drift waves, which become more unstable as the density gradient increases. Zeroing out the trapped electron contribution has little effect on the instability. Analysis of a shearless slab dispersion relation indicates drift waves are strongly unstable for the representative wave numbers kx ∼ 0 and k ∼ 1/qR. Turning off the ion response (but retaining the ion polarization term in the Poisson equation) makes the instabilities vanish, and magnetic shear is stabilizing. All of these observations are consistent with drift wave theory.
This situation where there is a strong linear drive due to steep gradients without compensating equilibrium shear flow and profile variation stabilizing effects is difficult to simulate nonlinearly. δf becomes large and the simulations do not saturate. In fact, this lack of saturation contradicts the fluid L-H transition result [36] which show a physical result in the flux-tube limit. It is not clear whether saturation can be achieved in GEM with improved numerical resolution. However, to study the steep gradient edge parameters, one needs, at least, the stabilizing effects of Er shear flow and profile variation.
Nonlinear Simulation Results
Particle diffusivity D and thermal diffusivity χ of the tokamak plasmas are sensitive to the local physical parameters. With the assumption of diffusive transport, the diffusion coefficients are related to the particle flux Γ and heat flux Q by
In this section, we will study the dependence of D and χe on the important local plasma parameters. For a given parameter scan, only one parameter is varied at a time and all other parameters are set as listed in Sec. 2.2. The code is run long enough to achieve statistical stationary-state. Time averaging is done over the stationary-state transport flux levels to calculate the particle and electron thermal diffusivities, which are normalized at density gradient R/Ln = 10 and R/LT e = 6. To make the problem computationally tractable, a cut-off in k-space is needed. We use a conventional hyper-Gaussian filter [37] which smoothly cuts off at kycutρi. Specifically, the high Fourier components (kyρi > kycutρi) are removed in gyrokinetic Poisson equation solver. As mentioned above (see fig.1 ), the linear TEM growth rate spectrum is broad and relatively high ky (kyρi ∼ 1) modes are unstable. It could, in principle, be necessary for us to use finer grid resolution to resolve the the high ky unstable modes. However, nonlinearly these high ky modes don't affect the transport level. Fig. 8 compares the electron thermal diffusivity at kycutρi = 0.8 (solid line includes all the modes kyρi < 0.8) and kycutρi = 1.4 (dashed line includes all the modes kyρi < 1.4). These simulations use box size lx = 128ρi, ly = 64ρi and grid number Nx × Ny × Nz = 256 × 128 × 32. Not much difference is seen between the two cases. This is not unexpected for two reasons. First, the higher k modes contribute less to transport because the step size of a particle's random walk in the turbulence is smaller. Second, one typically observes an inverse cascade and a spectrum where longer wavelengths modes dominate, like seen in ITG and ETG turbulence.
Effect of Pressure Gradient
In this sub-section we examine the effect of varying the density gradient R/Ln and temperature gradient R/LT e . Fig. 9 shows the dependence of particle and electron thermal diffusivities on R/Ln. At lower density gradients (R/Ln ≤ 6), the particle diffusivity increases linearly with increasing density gradient as expected. But, at large gradient the diffusion coefficient levels off (R/Ln ∼ 6). Similar behavior is observed for the electron thermal diffusivity. One might suspect that the diffusivity rollover at high density gradient regime is because the zonal flows have stronger effect to suppress the transport flux. We show this is not the case in Section 4.5. This scaling is in qualitative agreement with Ref. [19] . Fig. 10 shows the time averaged D and Qe versus R/LT e for fixed density gradient R/Ln = 10. Because χe is ill-defined for the case R/LT e = 0 according to Eq. (9), we simply plot the Qe. When the electron temperature gradient varies from R/LT e = 0 to R/LT e = 10, both particle diffusivity and electron thermal fluxes decrease monotonically. This can be explained by the quasilinear model D ∝ γ/(k ⊥ ) 2 mentioned in Ref. 19 , since linearly, the increase of R/LT e reduces the growth rates for long wavelength modes. On the other hand, high ky modes are driven more unstable by steep R/LT e but, again, contribute very little to the nonlinear transport. The effect of the zonal flows on the transport level is related to the electron temperature gradient and it is stronger for R/LT e = 0. This will be discussed further in Sec. 4.5.
Effect of Magnetic Shear
Next, we investigate the effect of magnetic shear on the turbulent transport. Fig. 11 illustrates a noticeable sensitivity of the particle and electron thermal diffusivities withŝ. The dependence of D and χe on magnetic shear actually looks similar to normalized density gradient. At low magnetic shear (ŝ ≤ 0.6), the diffusivities increase withŝ almost linearly. Aboveŝ = 0.8, theŝ dependence of D and χe becomes weaker, but still monotonically increasing. Generally, the particle and electron thermal diffusivities keep increasing with magnetic shear. This result is in contrast to what Dannert observed [19] . We also set the normalized density gradient from R/Ln = 10 to R/Ln = 3 for a more direct comparison and we get the same trend, again different than Ref. [19] . Our result is consistent with the quasilinear theory because the dominated linear growth rate peaks towards lower kyρi with the increase ofŝ. The observation in our simulation (R/Ln = 10) fromŝ = 0.2 toŝ = 1.2 also qualitatively agrees with the results in Ref. 20 . What is unusual about the transport increasing with increasingŝ, is that linearly, the growth rate decreases with increasingŝ.
We explain the nonlinear scaling with magnetic shear by the fact that increasing the magnetic shear increases toroidal coupling, allowing for persistence of the "radially elongated eddies" which are really the radially elongated linear eigen-functions due to high-n toroidal coupling of adjacent mode rational surfaces. The persistence of the radially elongated eddies increases the radial correlation length, which increases the transport level. On the other hand, for low magnetic shear, toroidal coupling is weak and the turbulence is more isotropic with smaller radial correlation length and less transport. To see this effect we show the kx spectrum at s = 0.2 (left) andŝ = 1.2 (right) in Fig. 12 . Shown is the amplitude of normalized rms value of electric potential φ(kx, z = lz/2) versus radial wavenumber kxρi, averaged over all the poloidal modes and the steady state. This diagnostic subtracts out the purely radial zonal flow modes, which otherwise will dominate the spectra. Fig. 12 clearly shows that the radial spectrum for larger magnetic shearŝ = 1.2 is narrower than the weaker shear case atŝ = 0.2. That is, the radial correlation length is longer at larger magnetic shear. This spectrum dependence on magnetic shear is consistent with what we see in the diffusivities. We also note that theŝ = 0.2 weak shear case has a broad kx spectrum even with the zonal flows zeroed out. So, we do not expect zonal flows to be playing a role in broadening the kx spectrum.
Effect of Temperature Ratio
We next briefly study the dependence of particle and electron thermal diffusivities on Te/Ti. These results are consistent with the linear results. There is a point where the diffusivities stop increasing with the further increase of electron to ion temperature ratio as shown in Fig. 13 . For hotter ion plasmas (Te/Ti < 2), our simulation reveals that lower electron to ion temperature ratio will improve the plasma confinement, which is predicted theoretically in Ref. [35] . From Te/Ti = 1.5 to Te/Ti = 1/3, zonal flows show a strong suppression and reduce both particle and electron thermal transport fluxes.
Effect of Aspect Ratio
Finally, we present an inverse aspect ratio r/R scan to examine the effect on D and χe. Theoretical predictions [35] indicate that the particle and electron thermal diffusivities scale as D ∝ r R and χe ∝ r R for turbulent transport induced by trapped electron modes. Fig. 14 shows nonlinear simulation results for the D and χe dependence on r/R with the density gradient fixed R/Ln = 10. Although only three points are shown, we can still see a algebraically linear increase of diffusivities versus r/R in Fig. 14 . In the linear simulation mentioned in Sec. 3.1, we commented that steep density gradients R/Ln changes the scaling of γ with r/R. But nonlinearly, there is better agreement between the simulation and TEM theory. This suggests that the drift waves induced by a steep density gradient do not contribute to the nonlinear transport. Varying the inverse aspect ratio does not change the effect of zonal flows.
Importance of Zonal Flows in CTEM
It is well-known that zonal flows are important for regulating the transport level in ITG-driven turbulence, see Refs. in [38] . For CTEM-driven turbulence, the effect of zonal flows have also been studied [18, 19, 21] . However, due to the fact that parameter regimes were very different, it is hard to draw conclusions. Here, we study how the effects of zonal flow appear to be parameter sensitive explaining the differing conclusions about the importance of zonal flows in Refs. [18, 19] .
By varying the density gradient and keeping other parameters fixed, we find that zonal flows are not dominant until the density gradient becomes steep. The ky spectrum at density gradient R/Ln = 10 and R/Ln = 3 are shown in Fig. 15 . It is observed that the zonal flow (ky = 0 mode) dominates for the high density gradient case R/Ln = 10, but a long wavelength turbulent mode (ky = 2π/ly) dominates at low density gradient R/Ln = 3. Zonal flows are clearly present at large amplitude for the R/Ln = 10 case. However, when we artificially zero them out the nonlinear transport flux level does not change much as shown in Fig. 16 . This result agrees with Dannert [19] .
The fact that though zonal flows are present at large amplitude, they do not affect transport can be explained by the comparison between the shearing rate and scattering rate, i.e., E × B shear criterion [39, 40] . The shearing rate ωE×B is
where ∆x and ∆y are the correlation lengths of the ambient turbulence along the radial direction and the poloidal direction, k , where ∆kx and ∆ky correspond to the half width of kx and ky spectrum. By taking a measurement, we obtain ∆kx = 5 × 2π lx and ∆ky = 2 × 2π ly . It is important to measure the kx spectrum in the absence of zonal flow (that is, the zonal flows are zeroed out in the simulation) because the kx spectrum of the ambient turbulence can be significantly broadened by the shearing zonal flows if they show suppression effect on the turbulent transport. We take the maximum value of k 2 r | φ | as 6.24×10 −4 ωci which corresponds to an intermediate kr. Overall, the shearing rate is found to be ωE×B = 5.0 × 10 −4 ωci. The scattering rate is assumed to be the maximum linear growth rate ωs ∼ γmax = 2.5 × 10 −3 ωci. We can see that the scattering rate is 5 times larger than the shearing rate, so we would not expect zonal flows to shear suppress the turbulence for the parameters based on Ref. [19] .
However, if we set the electron to ion temperature ratio to Te/Ti = 1 instead of Te/Ti = 3 but, keep the other parameters fixed the CTEM still dominates. However, the zonal flows now become important. If the zonal flows are turned off for this Te/Ti = 1 case, we will see that the nonlinear transport flux level increases by a factor of two, see Fig. 17 . Next, if we only vary normalized electron temperature gradient from R/LT e = 6 to R/LT e = 0 and keep other parameters fixed on base values (using Te/Ti = 3). We also see that zonal flows suppress the flux level by a factor of two. Finally, we combine the effect of Te/Ti = 1 and R/LT e = 0, Fig. 18 , which shows the impact of zonal flows on transport level is stronger. We can check the E ×B shearing rate criterion with these parameters. Following the simple calculation above, we get the shearing rate ωE×B = 1.59 × 10 −3 ωci, which is comparable with the maximum linear growth rate γmax = 1.5 × 10 −3 ωci. We also can confirm the effect of the zonal flows from the fact that the kx spectrum is broadened. Comparing the kx spectra of ambient turbulence (zonal flows are subtracted) with and without zonal flows, there is a strong broadening when zonal flow suppression effect is strong, consistent with what was found previously [41] . In contrast, when the zonal flows have a weak effect, there is little change in the kx spectrum.
Associated with the zonal flows, strong GAM oscillations are also observed in our simulations as shown in Fig. 19 . From this plot, we can measure the GAM frequency fGAM ∼ 5.6 × 10 −4 ωci. Theoretically, the kinetic GAM frequency is approximately [42] ,
where Te and Ti are the electron and ion temperature, mi is the ion mass, and R is the tokamak major radius. Eq. (11) gives a theoretical value of the GAM frequency fGAM = 4.9 × 10 −4 ωci. This agrees fairly well with the simulation result. We observe that the GAM frequency in our simulation scales with the electron temperature the same as the theoretical prediction of fGAM ∝ Te + 7 4 Ti and is independent of density gradient, electron temperature gradient and magnetic shear. Comparing the GAM frequency to the frequency range of the ambient turbulence, we find the GAM frequency is much lower than the linear growth rate but close to the real frequency. It is possible that the GAM oscillations could be important. We cannot isolate the GAMs from the zonal flow modes. I.e. we can zero out purely radial modes to check their importance, but cannot easily isolate the effect of the GAMs versus the nearly stationary zonal flow.
observed that the linear TEM instability can be suppressed by magnetic shear and collisionality. The linear effect of electron temperature gradient is more complicated and the linear growth rate increases at higher density gradient and decreases at lower density gradient. Lower electron to ion temperature ratio (Te/Ti) leads to lower growth rates. Stronger (but, still in the core range) density gradients drive high ∆ky modes unstable, but they do not contribute significantly to the nonlinear transport. We find a high electron temperature gradient, low electron to ion temperature ratio and low magnetic shear can reduce the turbulent transport fluxes. These findings could be useful for devising scenarios where electron transport is reduced. It is interesting to note that reducing magnetic shear results in reduced electron transport and this is opposite to the linear trend that shows γ is reduced with increasing magnetic shear. We find this nonlinear result is consistent with the fact that the weaker shear case has larger kx, resulting from reduced toroidal coupling and a lack of the associated ballooning-like eigenmodes present in the stronger magnetic shear case.
The picture with regard to importance of the zonal flows is complicated and sensitive to parameters as well. Zonal flow suppression of CTEM driven transport was shown to be consistent with shearing rate estimates based on the nonlinear spectrum without zonal flows present. With an electron temperature gradient and an electron to ion temperature ratio equal to three, zonal flows can be strongly generated at high density gradient, but they have little effect on the transport level, which agrees with Dannert [19] . However, as electron temperature gradient is set to be 0 or electron to ion temperature ratio becomes lower, zonal flows show a stronger effect on the transport level. It is worth of further studying why the suppression effect of zonal flows is related to R/LT e and Te/Ti. Associated with the zonal flows, strong geodesic acoustic oscillations are also observed, but appear to have little effect on transport for the parameter regimes we investigated here.
We also investigated what happens to the CTEM instability for edgelike parameters. As the the density gradient (and safety factor) were increased, it was found that high ky drift-wave modes dominated. Future work will include studies of closed flux-surface edge parameters with equilibrium Er shear flow and profile variation using the global version of the GEM code [28] instead of the flux-tube code. Additionally, one needs to add realistic collisionality for the edge, which may now be possible using recent coarse-graining algorithms to handle diffusing particle weights [43, 44] . Fig. 13: Time-averaged particle and electron thermal diffusivities versus electron to ion temperature ratio for density gradient R/Ln = 10 and electron temperature gradient R/LT e = 6.
Fig. 14: Time-averaged particle and electron thermal diffusivities versus inverse aspect ratio for density gradient R/Ln = 10 and electron temperature gradient R/LT e = 6. Fig. 15 : The ky spectrum of the electric potential to show the generation of the zonal flow component (ky = 0) at R/Ln = 3 (left) and R/Ln = 10 (right). Fig. 16 : Comparison of the time evolution of particle diffusivities for electron temperature gradient R/LT e = 6 and electron to ion temperature ratio Te/Ti = 3 between with zonal flows (solid line) and without zonal flows (dashed line). Fig. 17 : Comparison of the time evolution of particle diffusivities for electron temperature gradient R/LT e = 6 and electron to ion temperature ratio Te/Ti = 1 between with zonal flows (solid line) and without zonal flows (dashed line). Fig. 18 : Comparison of the time evolution of particle diffusivities for electron temperature gradient R/LT e = 0 and electron to ion temperature ratio Te/Ti = 1 between with zonal flows (solid line) and without zonal flows (dashed line). 
